We study the conductance of a mesoscopic metallic conductor with magnetic impurities frozen in a spin glass phase. We describe the correlation of conductance between two frozen spin configurations in terms of dephasing rates for the usual low energy modes of weak localization theory. They depend on the overlap between the spin configurations and are obtained through the crossover between orthogonal and unitary universality classes of a nonlinear sigma model. PACS numbers: 75.10.Nr; 75.50.Lk In a metallic conductor of µm size, the interplay between quantum coherence of electrons and disorder is at the origin of several remarkable phenomena at low temperature [1, 2] . The interferences between different diffusive paths in the sample lead to a strong dependance of the conductance on the disorder realization through the geometry of these diffusive paths. In particular the conductance exhibits universal sample to sample fluctuations and reproducible random variations as a function of a transverse magnetic flux. These coherent transport phenomena are naturally suppressed by various perturbations which are usually referred to as dephasing sources. This includes inelastic scattering, for example from phonons, free magnetic impurities, other electrons. In this case two electrons following the same path encounter different potentials. This leads to a random relative phase between them and the suppression of interference effects. Such a dephasing source acts on the electrons themselves, and is usually taken into account phenomenologically through a dephasing rate γ φ for the electrons. Elastic scattering by symmetry breaking potentials by e.g random spin-orbit interactions or frozen magnetic impurities is also considered as another source of dephasing. In this case, the origin of dephasing is physically different from that in the inelastic case. Quantum corrections to transport result from interference between electrons travelling along loops of diffusive paths either in the same directions (Diffuson modes) or in the opposite directions (Cooperon modes). In the presence of magnetic disorder, the spins of counter-propagating electrons experience different sequences of rotations. As a result the corresponding interferences are gradually suppressed for longer and longer loops. This suppression is usually interpreted as dephasing of the corresponding Cooperon modes. Moreover the magnetic disorder selects out the Diffuson modes not affected by this dephasing: the relative phase of two electrons with spins forming a singlet state is insensitive to this spin rotation sequence, in contrast to that of triplet states. Hence, this symmetry-breaking elastic scattering induces a spatial decay of these particular diffusion modes, effectively accounting for this electron's dephasing phenomenon.
We study the conductance of a mesoscopic metallic conductor with magnetic impurities frozen in a spin glass phase. We describe the correlation of conductance between two frozen spin configurations in terms of dephasing rates for the usual low energy modes of weak localization theory. They depend on the overlap between the spin configurations and are obtained through the crossover between orthogonal and unitary universality classes of a nonlinear sigma model. In a metallic conductor of µm size, the interplay between quantum coherence of electrons and disorder is at the origin of several remarkable phenomena at low temperature [1, 2] . The interferences between different diffusive paths in the sample lead to a strong dependance of the conductance on the disorder realization through the geometry of these diffusive paths. In particular the conductance exhibits universal sample to sample fluctuations and reproducible random variations as a function of a transverse magnetic flux. These coherent transport phenomena are naturally suppressed by various perturbations which are usually referred to as dephasing sources. This includes inelastic scattering, for example from phonons, free magnetic impurities, other electrons. In this case two electrons following the same path encounter different potentials. This leads to a random relative phase between them and the suppression of interference effects. Such a dephasing source acts on the electrons themselves, and is usually taken into account phenomenologically through a dephasing rate γ φ for the electrons. Elastic scattering by symmetry breaking potentials by e.g random spin-orbit interactions or frozen magnetic impurities is also considered as another source of dephasing. In this case, the origin of dephasing is physically different from that in the inelastic case. Quantum corrections to transport result from interference between electrons travelling along loops of diffusive paths either in the same directions (Diffuson modes) or in the opposite directions (Cooperon modes). In the presence of magnetic disorder, the spins of counter-propagating electrons experience different sequences of rotations. As a result the corresponding interferences are gradually suppressed for longer and longer loops. This suppression is usually interpreted as dephasing of the corresponding Cooperon modes. Moreover the magnetic disorder selects out the Diffuson modes not affected by this dephasing: the relative phase of two electrons with spins forming a singlet state is insensitive to this spin rotation sequence, in contrast to that of triplet states. Hence, this symmetry-breaking elastic scattering induces a spatial decay of these particular diffusion modes, effectively accounting for this electron's dephasing phenomenon.
This magnetic dephasing of electrons and its signature on coherent transport has been recently proposed as a promising probe of spin glass physics [3] . In the spin glass phase, which is a fascinating but poorly understood state of matter [4] , impurity spins { S i } coupled by frustrating interactions freeze below the transition temperature T g . Of particular interest for its understanding are the correlations between different configurations of spins { S (1) i } and { S (2) i } corresponding to either different times (to probe aging) [5, 6] , or different quenches below T g to probe possible mean-field complexity. In this last case, the complexity of phase space is encoded in the different overlaps q 12 (or distances) between spin configurations [7, 8] . In a given sample, a magnetoconductance trace carries a fingerprint of the disorder configuration, including the configuration of frozen spins { S (a) i }. Following the above discussion its properties depend on the magnetic dephasing in this spin configuration. Moreover, the correlation between conductances for different spin states (different quenches or times) is determined by the correlation of magnetic dephasing in the two corresponding spin states. Indeed for different spin configurations, two electrons prepared in a Singlet state, and travelling along the same path now experience two different magnetic potentials. Hence the Diffuson Singlet mode built out of these different impurity spin configurations is now dephased. Moreover this dephasing is a measure of the distance or overlap between the spin configurations: the larger the number of spins differing in the two configurations, the stronger the relative dephasing of electrons. Hence, such measurement of correlations of conductance open the route for measurement of correlations between frozen spin configurations [3, 9] . This naturally requires a quantitative description of this relative magnetic dephasing between different spin configurations, on which we focus in this Letter.
Beyond the perturbative diagrammatic theory [2] , a natural framework for describing the quantum corrections to conductance is the field theoretical nonlinear sigma model [10] . We will show that this method allows for a very efficient and elegant description of the magnetic dephasing, by treating all elastic scattering potentials on the same footing. Altland showed how the inelastic dephasing effects can be phenomenologically accounted for within this nonlinear sigma model [11] . While his approach required the introduction of a new fictitious scalar potential, in the present context the source of dephasing is already an elastic scattering potential. Moreover, the dephasing accounts for the crossover behavior between different universality classes characterizing both the Anderson transition in systems of various statistical symmetries and their universal weak localization properties [12] . In particular they encode the number of independent diffusive modes contributing to the quantum correction of conductance for weak disorder. In the present case, without magnetic impurities the statistics of conductance is described by the orthogonal class with degenerate diffusive states. When adding magnetic disorder, the level degeneracy is lifted and simultaneously the universality class is restricted to the unitary class. Studying the magnetic dephasing induced by frozen magnetic impurities amounts to study the cross-over between these two universality classes. This is achieved by considering all massless modes of the orthogonal case, and describing the different gap openings with increasing magnetic disorder, thereby extending non-perturbatively the work of [13] to the spin glass physics of interest here.
We consider a d dimensional mesoscopic metallic sample of size L containing impurities inducing two different types of random scattering of the conduction electrons: (i) nonmagnetic random scalar potential V (r) coupled to the fermionic electronic field ψ(r) as V (r)ψ(r)ψ(r). This potential is assumed to be Gaussian with V (r) = 0 and variance
where ν 0 is the one-electron density of states and τ vthe corresponding elastic mean free time.
(ii) a magnetic disorder U(r) originating from a collection of frozen magnetic impurities S i with coupling to the electrons U (r) ·ψ(r) σψ(r) with σ being the Pauli's matrices. U (r) is a three dimensional field taken Gaussian with zero mean in the spin glass state. Here we focus on both the conductance fluctuations in a single spin configuration, and conductance correlations between different spin configurations corresponding to different spin glass states. For simplicity we consider correlations between different realizations of magnetic potential indexed by u which depends only on the overlap q uu ′ as
where q uu = 1 and τ s is the elastic mean free time for scattering by magnetic impurities. Following Ref. [13] we define the covariant and contravariant bispinorsη = (Cη)
which are related by the charge-conjugation matrix C = iσ 1 ⊗ σ 2 . For our purpose we need to introduce 4N copies of the original system enumerated by: (i) p = R, A for generating the advanced and retarded Greens functions; (ii) different replica α = 1, .., N for disorder averaging using the replica trick; (iii) u = 1, 2 to compute the correlation of conductance between 2 different configurations of magnetic disorder. In terms of the bispinors the action for the noninteracting electrons can be written as
whereξ = ǫ F −p 2 /(2m) and Σ = σ 3 ⊗ σ. To compute the dimensionless conductance correlation in a given sample with two different spin configurations (∆G)
we generalize the formalism of generating functional introduced in Ref. [10] . We define the current operator J = i/2(η ⊗ ∂η − ∂η ⊗η). Then the generating functional for the conductance reads Z[A] = DηDη exp iS + r Tr (J r A r ) (we omitted a deminator with is suppressed in the replica limit N → 0). The symbol Tr stands for traces over all indices while tr will be used for traces only over retarded-advanced, replica indices and integration over r. The correlation of dimensionless conductance can be expressed as
Here Ω = σ 0 ⊗ Υ 2 where σ 0 and Υ 2 are respectively the 2 × 2 unit matrix and matrix with all entries equal to 1.
Averaging over disorder we obtain the quartic term S int = 1/(4iπν 0 τ e ) rη ηPηη with P
l , where we introduced the total mean free time τ e which is not fixed at this stage. Introducing a new field Q of the same rank and symmetry asη ⊗ η we perform the Hubbard-Stratanovich transformation on the quartic term. The charge-conjugation symmetry automatically ensures decoupling in two pairing channels: (i) Diffuson modes corresponding in the standard diagrammatics to the ladder diagrams with a small transfer momentum, (ii) Cooperon modes corresponding to the ladder diagrams with a small sum momentum [2] . Integrating out the bispinor fields we exclude all "fast" modes and obtain the free energy in terms of "slow" degrees of freedom Q
where K satisfies P can easily be solved in the limit of no magnetic disorder 1/τ s = 0. In this limit we replace QKQ → TrQ 2 so that the homogeneous solutions satisfies Q 2 = 1 1 and TrQ = 0. The corresponding saddle-point manifold can be parameterized by Q = (1 − W/2) Λ (1 − W/2) −1 where Λ = diag (1 1 8N , −1 1 8N ) p,p ′ and W is an anti-hermitian matrix anticommuting with Λ. For finite τ s , enforcing Q 2 = 1 1 and TrQ = 0 for the classical solution leads to an additional condition KQ = Q. This requirement controls the lowering of the symmetry from the orthogonal class to unitary one for q uu ′ = 1. Out of the 16 eigenvalues of the matrix K only two of them can be fixed to 1 by a proper choice of the elastic mean free time τ e . Through this procedure we recover the well known Matthiessen rule 1/τ e = 1/τ v + 1/τ s . Moreover, the corresponding eigenmodes Q of matrix K are diagonal matrices describing the Diffuson Singlet state, the only massless mode in the unitary ensemble.
Having determined the classical solution for finite τ s , we can now expand (5) around it. Performing a gradient expansion around the above homogeneous saddle point we rewrite the effective action as
where
is the usual diffusion constant and we introduced the matrix
The usual gauge symmetry [10] ensures that the dependence of (5) To parametrize B, we introduce a generalization of the standard quaternion basis to the bispinor space [13] by defining the following basis φ 4µ+ν = c µν σ µ ⊗ σ ν where c = i for (0 ≤ µ ≤ 2) (1 ≤ ν ≤ 3) and for µ = 3, ν = 0, and 1 otherwise. These matrices φ µ form a complete set and satisfy the charge conjugation symmetry and relation Tr[φ µ φ † ν ] = 4δ µν . In the resulting decomposition B = φ µ b µ and B † = φ † µ b T µ , the b µ are now real matrices. Using this decomposition of matrices B, we obtain the following quadratic part of the free energy in terms of real variables
In deriving this expression, we used that the field φ µ naturally diagonalize the matrix M, and satisfy the identity φ † µ Mφ ν = 4τ e δ µν γ µ . This diagonalization provides the masses (or dephasing rates) γ µ of the diffusing modes beyond the previous first order expansion in τ v /τ s [3] . As expected, among all eigenvalues γ µ there are only 4 different masses
where The expansion now also provides the masses for the modes transverse to this manifold : the Diffuson Triplets and Cooperon modes. These masses, or elastic dephasing rates, are valid as long as the above classical solution is stable, implying at least τ v /τ s < 1 from the above expression. The expressions (7) also provide the dephasing between different magnetic disorder configuration (q u,u ′ = 1), which are now all finite.
Let us now turn to the study of the correlation of conductance. The necessary terms of order A 4 in the generating functional read to one loop order: 
Specifying this result to the case d = 1 of a diffusive wire [14] , we use Fig. 1 gives the sample to sample conductance fluctuations and describes the crossover between the orthogonal and unitary universality classes. The inset shows that all four terms contribute to the scaling function but the correction to the unitary fixed point is dominated by Diffuson and Cooperon Triplets. In Fig. 2 we plot the average correlation between conductances for different magnetic disorder realizations, experimentally measurable through correlation of magnetoconductances [3] . In the typical regime of wire length L large compared to magnetic dephasing lengths of order L s , the correlations of conductance decay as we lower the overlap between the corresponding spin configurations. Moreover, this decay as a function of 1 − q is dominated by the dephasing of the Diffuson Singlet contribution while other modes almost compensate for each other (see left side of Fig. 2 ). Note that in the opposite regime L L s , anomalous behavior can appear with a q 12 dependance of (∆G) Finally, let us stress that this monotonous decrease of (∆G) 2 uu ′ in the experimental regime of interest [15] L L s allows for an interesting and unique test of a spin glass mean-field theory. Indeed, this theory predicts the ultrametricity of the spin glass phase space in the thermodynamic limit. According to this prediction, if we consider three spin configurations (or 3 U u ), and sort their mutual overlap according to 1 − q 12 ≥ 1 − q 13 ≥ 1 − q 23 , then 1−q 12 = 1−q 13 . This condition easily translate into the practical test (∆G) . To conclude, we have shown how to account naturally for the magnetic dephasing of diffusing electrons within the usual nonlinear sigma model. Motivated by the study of mesoscopic spin glass wires, we have used this formalism to study the relative dephasing rates between different magnetic disorder configurations, and the corresponding correlations of conductance fluctuations amenable to direct experimental measures. Let us finally stress that an advantage of this field theoretical method is its flexibility, allowing for interesting extensions including the incorporation in our approach of more complex statistical correlations of spin configurations, along the lines of [5] , as well as higher moments of the conductance correlations.
